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Modeling Spray Primary Breakup
Modeling approach
split into primary & secondary atomization
track the complex phase interface geometry during primary
breakup
assume simple phase interface geometry for secondary breakup
couple with secondary atomization models
Goal: understand the complex breakup mechanisms
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The Governing Equations
Navier-Stokes
∇ · eu = 0
∂eu
∂t
+ eu · ∇eu = −1
ρ
∇p
+
1
ρ
∇ · (τ + τ SGS) + 1
ρ
Tσ
Surface Tension Force
Tσ(x) = σκδ(x − x f )n
Level Set for Interface Tracking
∂G
∂t
+ (u + usrn) · ∇G = 0
Numerical Methods
Two-phase flow: Finite
Volume Balance Force Method
Refined Level Set Grid Method
Lagrangian stochastic
secondary atomization
no model for phase interface
filtering, DNS approach
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Evaporation with surface regression velocity usr
T
y
Liquid
Gaseous
interface
Tboiling
T∞
δT
Temperature boundary layer
In the temperature boundary
layer, all the conducted heat is
consumed by evaporation.
ρgνg
Pr
∂T
∂y
=
m˙hL
Cp
where m˙ = ρlusr is mass flow
rate per unit area.
usr =
1
Pr
ρg
ρl
Cp(T∞ − TBoiling)
hL
νg
δT
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Computational Grid and Simulation setup I
Turbulent Pipe Inflow
LES of single phase
Turbulent pipe flow of
Re= 6000 with
dynamic Smagorinsky
model
Without Turbulent Inflow
With Turbulent Inflow
Liquid
Temperature Tl = 350K
Density ρl = 960.47kg/m3
Dynamic viscosity
µl = 4.68× 10−3Pa ∗ s
Surface Tension
σ = 0.037N/m
Gaseous
Temperature Tg = 800K
Density ρg = 22.05kg/m3
Dynamic viscosity
µg = 3.51× 10−5Pa ∗ s
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Computational Grid and Simulation setup II
Computational domain
same Re and Geometry, only change the number of computational grids
case c100 c200 c400
min∆x 8η 4η 2η
RLSG ∆xG 4η 2η η
mesh size 6.3e6 50.3e6 402.7e6
max RLSG mesh 1.6e6 10.2e6 -
No. of CPUs 16-32 128-256 1024-2048
Comput. Time 1 day 1 week -
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Simulation Animation I
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Simulation Animation II
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Simulation Animation III
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Time Sequence
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Verification and Validation
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The Problem Formulation
we consider an evaporating liquid with surface tension, which has
a uniform temperature TL. The gaseous phase has much higher
temperature, leading to strong evaporation at the interface.
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Governing equations and Interface jump condition
Gas Phase ρg
∂Tg
∂t + ρgug · ∇Tg = kgCp∇2Tg
∂ρg
∂t
+∇· (ρgug) = 0, ρg ∂ug
∂t
+ ρgug ·∇ug = −∇Pg +µg∇· τg + ρgg
Liquid Phase ρl ∂Tl∂t + ρgug · ∇Tl = klCp∇2Tl
∇ · ul = 0, ρl ∂ul
∂t
+ ρlul · ∇ul = −∇Pl + µl∇ · τl + ρlg
At Interface ϕ(x , t) dx f/dt = uf + usr = uf − usrn
mass ρgug · n = ρlul · n
normal stress n · (Γl − Γg) · n + σ∇ · n = 0
shear stress t · (Γl − Γg) · n = 0
energy kg
∂Tg
∂n
− kl ∂Tl
∂n
= m˙hL
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Coordinate transformations
Moving coordinate
(x , y)⇒ (x∗, η), where η = y − ϕ(x , t)
Orthogonal coordinate
(x∗, η)⇒ (z∗,n), where h1 = 1 + κn and h2 = 1
κ =
1
R
, and R =
(
1 + (
dϕ
dx
)2
)3/2
d2ϕ
dx2
.
Stretched coordinate
(z∗,n)⇒ (z, ξ), where ξ = n/
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Leading order boundary layer equations
uˆ = uˆ0 +  uˆ1 , vˆ = vˆ0 + 2 vˆ1
sˆ = sˆ0 + 2 sˆ1 , uSR = uSR0 + 2 uSR1
p = p0 + p1 , ϕ = ϕ0 +  ϕ1 .
The leading order terms of the velocities combined with the leading
order mass evaporation rate m0 = ρ0uSR0 can be formed as
∂Int1
∂z
+
∂uˆ0(±∞)
∂z
Int2 −m0(0) [uˆ(±∞)− uˆ0(0)] = µ± ∂uˆ0
∂ξ
∣∣∣
±0
,
Int1 =
∫ ±∞
0
[ρ0uˆ0(uˆ0(±∞)− uˆ0)]dξ and Int2 =
∫ ±∞
0
[ρ0(uˆ0(±∞)− uˆ0)]dξ
and the leading order temperature equation in the vapour phase is
∂
∂z
∫ ∞
0
ρ0uˆ0(T0(∞)− T0)dξ −m0(0)(T0(∞)− 1) =
µ+0
Pr
∂T0
∂ξ
∣∣∣
0
.
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Initial and Boundary Conditions
Flow Properties
µ+ = 1.0E − 05, µ− = 1.0E − 03
ρ+ = 1.0E + 00, ρ− = 1.0E + 03
Latent heat: hL = 1.0E + 00
Heat capacity: cp = 2.0E + 00
Temperature of ambient: 1.6E+00
interface temperature : 1.0E+00
Gas Reynolds Number 4.0E+05
Liquid Reynolds Number 2.0E+07
Vapour Prandtl Number 7.0E-01
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The Surrounding Flow
Solve the poisson equation of the leading order stream function“
1 +
“∂ϕ0
∂x
”2”∂2ψ0
∂η2
+
∂2ψ0
∂x2
− 2∂ϕ0
∂x
∂2ψ0
∂x∂η
− ∂
2ϕ0
∂x2
∂ψ0
∂η
=
∂2ϕ0
∂x∂t
.
and leading order interface equation together
∂ϕ0
∂t
− v(0−) + u(0−)∂ϕ0
∂x
+ uSR
r
1 +
“∂ϕ0
∂x
”2
= 0
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The Interface Velocity
Compare the simulation result with Lock 1951’s analytical solution of
free shear layer between two different streams.
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The Boundary Layer Thicknesses
von Karman-Pohlhauen Integration by assuming the velocity profile
uˆ0(±∞)− uˆ0 = [uˆ0(±∞)− uˆ0(0)]
"
1− a ξ
δ
+ b
„
ξ
δ
«2
+ c
„
ξ
δ
«3#
.
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The Boundary Layer Thicknesses
von Karman-Pohlhauen Integration by assuming the velocity profile
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The leading order surface regression velocity
Theory
uSR0 =
ρgνg
ρlPr
Cp
hL
(T∞ − TBoiling)
δT
The interface geometry, or the
curvature, does not influence
the leading order uSR0.
Compared with Simulation
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The first order boundary layer equations
O() Continuity
( ∂
∂τ
+
∂z
∂τ
∂
∂z
+
∂n
∂τ
∂
∂n
)
ρ0 +
∂(ρu)1
∂z
+
∂m1
∂ξ
= 0,
O() Tangential velocity
ρ0
(( ∂
∂τ
+
∂z
∂τ
∂
∂z
+
∂n
∂τ
∂
∂n
)
uˆ0 + uˆ1
∂uˆ0
∂z
+ uˆ0
∂uˆ1
∂z
− uˆ0κξ ∂uˆ0
∂s
)
+ρ1u0
∂uˆ0
∂z
+m0
∂uˆ1
∂ξ
+m1
∂uˆ0
∂ξ
= −∂p1
∂z
+κξ
∂p0
∂z
+µ
(
∂2uˆ1
∂ξ2
+ κ
∂uˆ0
∂ξ
)
+ O() Normal velocity + O() Temperature + O() the interface
equation and jump conditions
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Summary
Details of the simulation and numerical methods can be found in
Paper ICLASS 2009-037, 11th International Conference on
Liquid Atomization and Spray Systems, Vail, USA, July 2009.
Outlooks
Detail numerical simulation of primary atomization with
verifications and validations.
Solution of first order equations system, compare uSR0 and uSR1.
Thank you for your attention.
